DNA methylation is a heritable and stable epigenetic mark associated with transcriptional repression. Changes in the patterns and levels of global and regional DNA methylation regulate development and contribute directly to disease states such as cancer. Recent findings provide intriguing insights into the epigenetic crosstalk between DNA methylation, histone modifications, and small interfering RNAs in the control of cell development and carcinogenesis. In this review, we summarize the recent studies in DNA methylation primarily focusing on the interplay between different epigenetic modifications and their potential role in gene silencing in development and disease. Although the molecular mechanisms involved in the epigenetic crosstalk are not fully understood, unraveling their precise regulation is important not only for understanding the underpinnings of cellular development and cancer, but also for the design of clinically relevant and efficient therapeutics using stem cells and anticancer drugs that target tumor initiating cells.
Introduction
DNA methylation is a covalent chemical modification of DNA occurring at cytosine residues in CpG dinucleotides. DNA methyltransferases (DNMTs) catalyze genome-wide DNA methylation and are associated with histone modifying enzymes (e.g. histone deacetylases (HDACs)), histone methyltransferases (SUV(39)H1/2 and EZH2), and ATP dependent chromatin remodeling enzymes (e.g. hSNF2H, LSH) ( Fig. 1) [1, 2] . DNA methylation is a stable epigenetic mark that regulates chromatin structure and gene expression involved in processes such as X chromosome inactivation, imprinting, embryogenesis, gametogenesis, and silencing of repetitive DNA elements [3] . In this review, we emphasize the dynamic nature of epigenetic gene regulation with a focus on the role of DNA methylation during mammalian development and human disease, and provide examples on how DNA methylation, together with other epigenetic silencing mechanisms such as histone methylation and chromatin remodeling factors, enables precise control over transcriptional gene silencing.
The mammalian DNA methylation machinery
In mammals, DNMT3A and DNMT3B ( Fig. 1 ) are responsible for establishing new DNA methylation patterns largely associated with retrotransposon sequences and satellite repeats in pericentromeric regions and differentially methylated regions (DMRs) of imprinted loci [1] . DNMT1, in contrast, copies existing methylation patterns following DNA replication and hence is predominantly considered the maintenance methyltransferase ( Fig. 1 ) [1] . Mice lacking Dnmt3a developed to term, but died at about four weeks of age. In contrast, Dnmt3b null mice were not viable (embryonic lethality at E14.5-18.5) and showed multiple developmental defects, demonstrating that de novo methylation is an essential process for mammalian development [3] . DNMT3L is homologous to DNMT3A and DNMT3B within the N-terminal regulatory region and is highly expressed in germ cells. Although catalytically inactive, DNMT3L regulates DNMT3A and DNMT3B by stimulating their catalytic activity in vivo (Fig. 1 ) [4] and DNMT3L, like DNMT3A, is required for establishing genomic imprints. Mice deficient for Dnmt3L display genome-wide demethylation and developmental arrest at E8.5 and lack of Dnmt3L leads to a failure to establish maternal DNA methylation imprints in oocytes and male sterility due to defects in spermatogenesis [1] .
DNA methylation in pluripotency and differentiation
Differentiation is an epigenetic process associated with the selective temporal activation of lineage specific genes and the regulated silencing of pluripotency genes. Dynamic regulation of de novo DNA methyltransferase expression occurs during development with higher levels in undifferentiated cells and reduced expression upon differentiation [5] . DNMTs are required for cellular differentiation during early embryonic development to regulate the systematic transcriptional inactivation of particular genes by promoter methylation. Key transcription factors, such as Oct4 and Nanog, form a transcriptional regulatory network that selectively activates genes essential for murine ES cell survival and proliferation while selectively repressing genes required for cell differentiation [6] . The Oct-4 enhancer/promoter region is hypomethylated in mouse ES cells while it is hypermethylated in trophoblast stem cells demonstrating epigenetic control of Oct4 expression during early embryogenesis by DNA methylation and chromatin modification in a stage-and cell type-specific manner [7] . Subsequent studies showed that Oct4 and Nanog expression was progressively silenced by acquisition of histone H3 lysine 9 (H3K9) methylation, mediated by the SET domain histone methyltransferase protein G9a, leading to alterations in chromatin structure. Local heterochromatinization, due the recruitment of heterochromatin protein 1 (HP1) at H3K9 methylated chromatin, is required for subsequent de novo methylation at the Oct4 and Nanog promoters. Moreover, in vitro differentiation of pluripotent cells lacking G9a or the orphan nuclear receptor family member GCNF (also a transcriptional repressor of Oct4 [8] ) leads to activation of Oct4 expression due to promoter hypomethylation [9, 10] . Interestingly, both Dnmt3a and Dnmt3b function synergistically within a protein complex and stimulate each other's activity to methylate the Oct4 and Nanog promoters in differentiating mouse embryonic carcinoma (EC) and ES cells [11] . A study of Oct4 transcription by injecting mammalian somatic cell nuclei into Xenopus oocytes demonstrated that DNA demethylation is necessary for Oct4 transcription and subsequent epigenetic reprogramming, suggesting selective promoter demethylation precedes gene reprogramming [12, 13] . This finding, in turn, suggests that reprogramming deficiencies in cloned embryos arise from abnormal removal of repressive marks and impaired DNA methylation patterns [14] . Therefore, DNA methylation may augment or lock in stable repression of pluripotency-associated genes [15, 16] .
A comprehensive DNA methylation analysis of 16,000 human gene promoters using methylated DNA immunoprecipitation (MeDIP) combined with high-density DNA microarrays revealed large numbers of CpG island promoters to be hypomethylated even when transcriptionally inactive in somatic cells. These regions also contained elevated levels of H3K4 dimethylation that may serve as a defensive marker against DNA methylation in high CpG-density promoters [17] . The recent finding that Dnmt3L recognizes unmethylated lysine 4 on histone H3 and induces de novo DNA methylation by recruitment or activation of Dnmt3a2 [18, 19] , provides a novel mechanistic link between these two epigenetic pathways and provides insights into how DNA methylation may complement other epigenetic regulatory mechanisms. Dnmt3L may help interpret preexisting histone marks established at different genomic regions thus enabling acquisition of DNA methylation for long-term silencing. Therefore, DNA methylation represents a unique transcription program that forms the basis of cell differentiation.
More insights into the regulation of pluripotency by DNA methylation come from recent studies involving the mammalian RNase III family nuclease Dicer. Dicer initiates RNA interference (RNAi) by processing the small RNAs that determine the specificity of gene silencing pathways. Loss of Dicer compromises maturation of microRNAs (miRNAs) and leads to defects in gene silencing and differentiation [20] . Dicer-deficient mice display decreased expression of Dnmts and global DNA methylation defects leading to telomere recombination and aberrant telomere elongation in a miR-290 cluster-dependent manner [21] . Transcriptome analysis of Dicer-null ES cells revealed downregulation of the miR-290 cluster and repression of de novo DNA methyltransferases [22] . The mammalian miR-290 cluster specifically silences expression of the transcription factor retinoblastoma-like 2 (Rbl2) and other transcriptional repressors. MiR-290 cluster downregulation, in turn, leads to posttranscriptional upregulation of Rbl2 and consequent transcriptional repression of Dnmt3a and Dnmt3b along with DNA methylation defects. Proper initiation of Oct4 silencing through the accumulation of repressive histone marks occurs normally in Dicer-null ES cells, but subsequent Oct4 promoter de novo methylation is abolished, preventing establishment of stable Oct4 repression. Interestingly, the defective DNA methylation is rescued by ectopic expression of Dnmts or by transfection of the miR-290 cluster miRNAs, indicating that miRNAs control de novo DNA methylation in ES cells [22] . Taken together, these studies suggest that DNA methylation is an essential regulatory mechanism ensuring proper establishment of gene expression patterns for target genes that are crucial during epigenetic reprogramming in normal development.
Links between DNA methylation and other epigenetic regulators
An important link between histone H3K9 methylation and DNA methylation in mammals was identified when Suv39h1 HMTase directed H3K9 trimethylation was shown to be required for recruiting Dnmt3b-dependent DNA methylation to pericentromeric repeats (Fig. 1) . Murine ES cells lacking Suv39h1/2 display an altered DNA methylation profile at pericentromeric satellite repeats, but not at other repeat sequences [23] . Recent genetic and biochemical results indicate that the mammalian ubiquitin-like protein, containing PHD and RING finger domains 1(Uhrf1 or NP95 (nuclear protein 95) in mouse and ICBP90 (inverted CCAAT box binding protein 90) in human), binds to methylated DNA. Np95 null ES cells display demethylated interspersed repeats and altered methylation at imprinted loci and tandem repeats. Np95 preferentially binds to hemimethylated DNA via its SET and RING finger associated (SRA) domain. Np95 binding to hemimethylated DNA is similar to Dnmt1's preference for hemimethylated substrates and Np95 directly interacts with Dnmt1 ( Fig. 1) [24, 25] . DNA methylation-associated factors like SUV39H1 and Np95 may be important for reinforcing the stability of heterochromatin regions and thereby protecting genome integrity.
Studies also show that Lsh (lymphoid specific helicase), a member of the SNF2-helicase family of chromatin remodeling proteins, is involved in regulating DNA methylation patterns during embryonic development. Lsh is required for methylation of select imprinted loci and silencing of IAP retrotransposons [26] . Deletion of Lsh perturbs DNA methylation patterns in mice causing reduced de novo methylation without affecting maintenance methylation [27] . In vivo and in vitro pull down assays demonstrated that Lsh recruits Dnmt1, Dnmt3b, and HDACs to establish a transcriptionally repressive chromatin structure independent of the enzymatic activities of Dnmts ( Fig. 1 ) [28] . Recent studies indicate that Lsh associates with Hox genes and regulates Dnmt3b binding, DNA methylation, and silencing of Hox genes during development. Lsh inactivation resulted in decreased DNMT3B and polycomb group (PcG) protein complex binding. There are two main polycomb complexes in mammals, PRC1 (composed of HPH, RING1, BMI1, HPC (1-4)) and PRC2 (composed of EED, EZH2, YY1, SU(Z)12) (Fig.2) . Inactivation of Lsh also leads to loss of PRC1 and PRC2-associated chromatin marks, suggesting that Lsh and DNA methylation are important for complete assembly and activity of the polycomb complexes [29] . This study demonstrates that the activities of PRC1 and PRC2 are tightly connected to DNA methylation and that establishment of the complex network of physiological feedback loops by epigenetic factors reinforces DNA methylation and silencing of PRC targets with implications for development and disease states. Additional evidence for polycomb-DNMT interactions will be presented in the sections on cancer and ICF syndrome.
DNA methylation and cancer
Epigenetic defects that are hallmarks of cancer include global genomic hypomethylation and locus-specific hypermethylation of CpG islands. Hypomethylation is foremost associated with repetitive regions of DNA and transposable elements, although hypomethylation also occurs within promoters of normally silenced genes. These alterations, in turn, lead to genomic instability. Gene-specific hypermethylation frequently occurs in the promoter regions of tumor suppressor genes and acts as one or both "hits" in Knudson's two-hit hypothesis. Mechanisms underlying these defects are poorly understood, but much research has focused on the DNA methyltransferases. It has become increasingly clear, however, that the DNMTs do not work alone in regulating cellular DNA methylation patterns, but rather they are dictated by a complex interaction between DNMTs and chromatin-associated factors such as polycomb proteins. Aberrant methylation typically found in cancer may be related to alterations in these interactions disrupting the precise regulation of the epigenome of normal cells. The discussion of the origin of cancer has recently shifted to the possibility that cancer is initiated by defects in tissue-specific stem cells. This places the DNMTs and methylation firmly into the spotlight, as they are an intricate part of stem cell regulation and development.
DNA hypomethylation
Genomic hypomethylation has multiple potential consequences, including chromosomal instability, aberrant activation of endogenous retroviral elements and oncogenes, and loss of imprinting [30] . A decrease in global levels of methylation is largely attributed to loss of methylation at normally heavily methylated repeat elements including satellite repeats (e.g. Sat2) and retrotransposons (e.g. LINEs). What events take place to lead to such large-scale changes in methylation? Knockout of Dnmt3b in ES cells resulted in loss of methylation at minor satellite repeats, which was not observed in Dnmt3a knockouts [31] . Individuals with immunodeficiency, centromeric instability, and facial anomalies (ICF) syndrome, which is associated with germ-line DNMT3B mutations, also exhibit decreased Sat2 methylation making aberrant DNMT3B function an attractive target for causing hypomethylation. A mouse model of intestinal cancer, the Apc Min/+ or Min (multiple intestinal neoplasia) mouse combined with global genomic hypomethylation, due to a Dnmt1 hypomorph, revealed that even though there was loss of heterozygosity at the Apc locus and an increase in colonic microadenomas, these lesions did not progress to macroscopic tumors [32] . However, tumors of the liver developed, in the Dnmt1 hypomorphic Min mice demonstrating that effects of hypomethylation are tissue specific. In the absence of the Min background, hypomethylation resulting from a hypomorphic Dnmt1 allele resulted in T-cell lymphomas associated with chromosomal instability [33] . Effects on chromosomal stability were also noted in a mouse sarcoma model combining the Dnmt1 hypomorphic allele with Neurofibromatosis 1 (Nf1) and p53 mutations [34] . As with Dnmt1 deficient Min mice [32] , Min mice with a conditional intestinal Dnmt3b knockout resulted in reduced frequency of macroscopic tumors but did not affect microadenoma frequency [35] . The differences between these models may be attributed to the global hypomethylation resulting from the Dnmt1 hypomorph and therefore loss of heterozygosity of Apc, which would not be expected in the absence of Dnmt3b due to more limited genomic hypomethylation [35] . Based on these results [32, 35] , it appears that hypomethylation resulting from a loss of Dnmt1 promotes the early stages of colon cancer, but both Dnmt1 and Dnmt3b are required for progression of intestinal adenomas.
Consequences of hypomethylation are not limited to chromosomal stability, but also result in aberrant expression of oncogenes and loss of imprinting. For example, the synuclein-γ gene (SNCG), whose expression is usually restricted to neurons, becomes demethylated in both breast and ovarian cancer [36] . Overexpression of SNCG results in a more aggressive breast cancer phenotype [37] . Interestingly, a gene involved in epigenetic regulation, the zinc finger protein and paralog of CTCF, Brother of the Regulator of Imprinted Sites (BORIS/CTCFL) is demethylated in epithelial ovarian cancers resulting in increased expression compared to normal ovarian tissue [38] . This aberrant expression may lead to further alteration of the epigenome in cancer cells. Since expression of BORIS/CTCFL is typically limited to testicular germ cells it is therefore classified as a cancer-testes antigen/gene. Hypomethylation also contributes to loss of imprinting of IGF2 in colon cancer [39] . A serious consequence predicted to result from DNA hypomethylation is transcriptional activation of silenced retrotransposons. At this time there is limited evidence for this type of activity initiating cancer. Early studies revealed that endogenous retroviral-like IAP transcripts are increased in embryos of Dnmt1 −/− mice [40] . Insertion of LINE1 elements into genes have in rare cases been observed in colon cancer [41] . A recent study by Howard et al. showed for the first time that a new IAP element became inserted at the Notch1 locus in lymphomas of Dnmt1 deficient mice [42] . This mouse model demonstrates that hypomethylation causes not only generalized chromosomal instability, but also locus-specific instability.
DNA hypermethylation
Hypermethylation of promoter CpG islands is frequent in tumors and is associated with aberrant tumor suppressor gene silencing. In certain tissues such as the pancreas and kidney, hypermethylation is an early event and the number of aberrant hypermethylation events increases progressively from a precancerous to a cancerous state [43, 44] . The importance of hypermethylation of genes in cancer has become so well recognized that databases such as PubMeth (www.pubmeth.org) are now available allowing one to search for evidence of methylation of a gene of interest in different cancer types.
An important issue in understanding cancer development is why and how only certain genes become hypermethylated. A great deal of emphasis is rightfully placed on the DNA methyltransferases. Our knowledge of how these enzymes are regulated and targeted to their respective sequences, though, is still very limited. The HCT116 colorectal carcinoma cell line is one of the most frequently studied cancer cell lines due to the availability of isogenic DNMT knockout lines. DNMT1 knockout resulted in loss of only ~20% of DNA methylation while DNMT3B knockout resulted in loss of <3% [45, 46] . DNMT1 plus DNMT3B knockout (double knockout or DKO) cells displayed a much greater decrease in DNA methylation (>95%) demonstrating the overlapping and synergistic roles of DNMT1 and DNMT3B in maintaining cellular DNA methylation [45] . Results obtained with the HCT116 knockout model differ from a conditional mouse embryonic fibroblast (MEF) Dnmt1 knockout model and an HCT116 DNMT1 conditional catalytic domain knockout [47, 48] . Dnmt1 −/− MEFs underwent apoptosis while HCT116 cells lacking catalytically active DNMT1 underwent mitotic catastrophe. It was later determined that the original HCT116 DNMT1 knockout cells expressed a hypomorphic form of DNMT1 (lacking the PCNA binding domain) due to alternative splicing [49] . Taken together, these findings underscore the importance of DNMT1 for cell survival [50] . Depletion of DNMT3B, but not DNMT3A, using antisense knockdown methods in cancer cells resulted in decreased cell growth or apoptosis. Ectopic expression of the catalytically active DNMT3B2 splice variant or the inactive DNMT3B3 splice variant overcame the antiproliferative effect [51] suggesting that DNMT3B is also essential to cancer cell survival. Conditionally overexpressing Dnmt3b in the Min mouse resulted in enhanced adenoma formation, loss of imprinting at the Igf2 locus, and silencing of the Sfrp tumor suppressor genes by promoter hypermethylation. This outcome was dependent on Dnmt3b's enzymatic activity since expression of inactive Dnmt3b splice variants (Dnmt3b3 and Dnmt3b6) and Dnmt3a showed little increase in adenoma formation [52] . Overexpression of Dnmt1 in ES cells also resulted in loss of imprinting at the Igf2 locus (not other imprinted genes), but when these modified ES cells were injected into blastocysts embryonic lethality resulted [53] . Collectively, these models emphasize that DNMTs influence tumor formation by targeting specific genes for methylation.
DNA methylation and polycomb (PcG) complexes: Linking development to cancer
Interesting new studies suggest that DNA methylation and PcG-mediated repression may coordinate to stabilize silencing at polycomb target genes. For example, DNMTs physically interact with components of both PcG protein complexes PRC1 and PRC2 (Fig. 1, Fig. 3 ) [2, 54, 55] . The interaction of EZH2 and EED with DNMT1, DNMT3A, and DNMT3B by coimmunoprecipitation assays and loss of silencing at EZH2 target genes after RNAi-mediated knockdown of DNMTs, demonstrate that repression of EZH2 target genes requires both EZH2 and DNMTs. This study also suggested that EZH2 mediates recruitment of DNMTs to regulatory regions of EZH2 target genes. Although the mechanism of DNMT recruitment by EZH2 is not fully elucidated, EZH2-mediated H3K27 methylation may be a requirement [2] . This is mechanistically similar to the recruitment of DNMTs to regions containing SUV39H1&2-mediated H3K9 trimethylation marks, suggesting a link between polycombmediated histone methylation and DNA methylation and their coordinated role in transcriptional repression [23, 56] . As is often the case, the link between DNA methylation and polycomb may be more complicated than suggested by Vire et al. because an additional report showed that once promoters acquire dense DNA hypermethylation, EZH2 is no longer required to maintain DNA methylation [57] . In this state, the maintenance function of DNMT1 may suffice or DNA methylation may help to maintain PRC1 at these promoters (Fig. 3) .
While DNA methylation at EZH2 target genes adds another layer of repression to lock in the silent state, it might also help recruit the PRC1 complex. Following initiation of silencing by PRC2, PRC1 recruitment leads to maintenance of a silent chromatin state [58] . DNMT1 collaborates with EZH2 to facilitate proper localization of PRC1 components, such as BMI1, to polycomb complexes organized into discrete nuclear structures called PcG bodies [54] . DNMT1 also interacts with BMI1 via the DMAP1 protein as a bridge [59] . Interestingly, Cbx4 (hPC2), a PRC1 complex component, was identified as a SUMO E3 ligase and interaction partner of Dnmt3a (Fig. 1,3 ) [55] . Moreover, another recent study showed that Cbx4 also interacts with DNMT3B and that DNMT3B functions as a corepressor of Cbx4-mediated transcriptional repression independent of its DNA methyltransferase activity [60] . Cbx4 may function as a linker between PRC1-mediated histone methylation and DNA methylation. Given that xDnmt1 was recently shown to act as a transcriptional repressor independent of its catalytic activity at unmethylated promoters [61] , it is conceivable that mammalian Dnmts also possess such properties and are inactive with respect to DNA methylation when initially recruited by EZH2 and become activated later by an unknown regulatory signal [56] (Fig. 3) . Since Cbx4 also recognizes trimethylated H3K9 through its N-terminal chromodomain [62] , it may subsequently recruit Dnmt3a to these regions [55] . Alternatively, Dnmts already bound at target genes may recruit Cbx4 and other PRC1 components and Cbx4 may modify the regulation of DNA methyltransferases by promoting their SUMO modification (Fig. 3) . Sumoylation might promote or inhibit protein-protein interactions and therefore have an effect on transcription indirectly, perhaps by preventing ubiquitin-mediated degradation or by altering the subcellular localization of interacting protein partners, leading to differential recruitment of activities that activate or repress gene transcription [63] .
Additional studies have revealed connections between DNMTs and polycomb components in ES cells that further underscore the important link between pluripotency and tumorigenesis [15, 16, 64] . During development, the chromatin of many pluripotency-associated genes such as the Sox, Hox, Pou and Pax families, contain a bivalent pattern of epigenetic marks that includes both repressive (H3K27 trimethylation) and active (H3K4 trimethylation) histone marks (Fig. 2) . Lineage control genes positioned within these poised chromatin states also showed the presence of H3K4 methylation at CpG islands. A recent genome-wide study of promoter epigenetic modifications in ES cells has further clarified the relationships between DNA methylation and histone marks [65] . Four main patterns were identified, (1) highly active genes enriched for H3K4 trimethylation (including pluripotency genes), (2) bivalently marked repressed genes (some with and some without polycomb) largely involved in developmental processes, (3) a small group of repressed genes marked only by H3K27 trimethylation, and (4) repressed genes marked only by DNA methylation that were enriched for late lineage specification genes (Fig. 2) . Approximately 50% and 70% of the genes in classes two and three, however, were also enriched for DNA methylation further emphasizing the DNA methylation-H3K27 methylation link. Surprisingly, some actively transcribed genes and genes enriched for H3K4 trimethylation also contained DNA methylation, suggesting that this mark can be overridden in certain situations.
An important unanswered question in the DNA methylation field is why only certain gene promoters become hypermethylated in cancer while others do not. This may be further influenced by tissue of origin of the particular cancer. An exciting but still controversial hypothesis for how aberrant DNA hypermethylation may be 'targeted' to select genes in cancer cells is related to idea that cancers arise from a transformed stem cell-like cell, or tumor stem cell. The tumor stem cell hypothesis (Fig. 4) states that tissue-specific stem or progenitor cells undergo oncogenic transformation, perhaps due to environmental insults or endogenous processes like inflammation or wound healing. These tumor stem cells (or tumor initiating cells, TICs) retain the capacity for unlimited self-renewal as well as the ability to differentiate. They generally represent a very minor fraction of the tumor volume. In contrast, the aberrantly differentiated progeny of TICs comprise the bulk of the tumor that is commonly treated by surgery and radiation/chemotherapy and these cells have limited growth capacity. Polycomb proteins and the gene targets of polycomb-mediated repression appear important for both cell types. One of the first reports linking polycomb targets and genes hypermethylated in cancer showed that genes commonly targeted for promoter hypermethylation were enriched for the H3K27 trimethylation mark mediated by PRC2 [15] . A subsequent study by Ohm et al. compared the DNA methylation and chromatin marks at genes subject to tumor-specific DNA hypermethylation in ES, embryonic carcinoma (EC), and tumor cells [66] . Interestingly, genes bound by polycomb in ES cells were generally unmethylated in EC cells but were densely hypermethylated in tumor cells. The bivalent status of the histone marks at these genes in ES cells was largely maintained in EC cells with the addition of H3K9 di-and trimethylation. This result suggests that EC cells are in an intermediate state between stem cells and tumor cells and that acquisition of aberrant histone marks, like H3K9 methylation, may be one of the early steps in transitioning polycomb target genes to a repressed but developmentally responsive chromatin state in ES cells to one permanently locked in the "off" position by DNA hypermethylation in TICs (Fig. 3) . This, in turn, would render the gene unresponsive to normal developmental cues and likely provide the cell with a growth advantage. Two additional papers have also noted a highly non-random association between genes subject to aberrant cancerspecific DNA hypermethylation and genes bound by polycomb in normal cells [16, 67] . Taken together, these results suggest a potential 'targeting' mechanism for aberrant DNA methylation of select genes in cancer, namely that genes normally repressed by polycomb proteins are preferentially susceptible to acquiring aberrant DNA methylation in cancer (Fig. 3) . This model could also account for differences in DNA methylation targets between different cancers if polycomb targets genes are also regulated in a tissue-specific manner. An additional important question to be resolved is whether DNMTs are always complexed with polycomb proteins but are inactive in normal cells or they are recruited later. Are there differences in DNMTpolycomb associations after differentiation of ES cells? The signal or modification that activates the DNMT to methylate polycomb target genes also needs to be resolved. Given the enzymatic activities present in polycomb complexes, including histone methylation, ubiquitination, and sumoylation, post-translational modifications directly or indirectly altering DNMT activity and/or recruitment is an attractive mechanism (Fig. 3) . Future experiments will no doubt test these and other possible mechanisms.
Immunodeficiency, centromeric instability and facial anomalies (ICF) as a developmental disease
ICF syndrome is a rare autosomal recessive disorder caused by mutations in DNMT3B. Patients with ICF syndrome display variable combined immunodeficiency, facial anomalies, developmental delay, and mental retardation [68] . Centromeric instability, another hallmark of ICF B cells, is caused by loss of methylation within classical satellites (sat 2 and 3) at the pericentromeric regions of chromosomes 1, 9, and 16 [68] . In addition, genes on the inactive X chromosome, the highly restricted tissue specific/immunogenic cancer-testes genes, and non-satellite repeats D4Z4 and NBL2, are demethylated [69] [70] [71] .
Mouse models of ICF syndrome mirror many of the characteristics of ICF patients, including hypomethylation of repetitive sequences, distinct craniofacial anomalies, and defects in the immune system, indicating that Dnmt3b plays an essential role at different stages of mouse development [72] . Most of the mutant forms of DNMT3B in ICF cells showed decreased activity compared to the wild-type enzyme [73] . Some mutants that did not show reduced enzyme activity rather resulted in disruption of the interaction between Dnmt3b and Dnmt3L [74] .
Our group recently reported the use of expression microarray profiling to identify genes under the control of DNMT3B's DNA methylation and repression functions [75] . Nearly 800 genes displayed an altered pattern of expression and a significant fraction of these were involved in developmental processes. DNA methylation analysis of upregulated genes in ICF cells revealed that some genes do indeed have DNA methylation defects, although many of them are subtle. For example, the LHX2 homeobox gene, a polycomb target [76] , was approximately 10-20% methylated in normal lymphoblastoid cell lines (LCLs) and this level was reduced to less than 3% in ICF LCLs. Other genes displayed no change in DNA methylation despite the expression change. Interestingly, while DNA methylation changes were often modest, large changes in the histone code were observed at affected genes. Loss of H3K27 and H3K9 trimethylation at upregulated genes was a consistent finding, regardless of DNA hypomethylation. Furthermore, both DNMT3B and SUZ12 bound most of the examined genes in normal LCLs and this binding was reduced or lost in ICF cells. Global levels of H3K4 and H3K27 methylation, and H2AK119 monoubiquitination were globally disrupted in ICF cells. This data therefore further strengthens the links between DNMT3B and polycomb complexes that we have discussed previously since the most consistently altered modifications at a gene-specific and whole genome level in ICF cells were those mediated by PRC1 and PRC2. Expression of a number of developmental genes, including homeobox genes and sonic hedgehog, were also altered in ICF cells. In addition to our recent work, an analysis of the location of genes on the X and Y chromosomes within their specific chromosome territories in ICF cells, which are known to have defects in X inactivation [69] , was recently reported [77] . Genes that underwent hypomethylation on the inactive X of female ICF cells became relocalized toward the outside of the chromosome territory, consistent with their increased expression. Large adjacent regions were also relocalized regardless of whether a change in transcription occurred, indicating that loss of DNMT3B function results in alterations to genome structure that extend significantly beyond hypomethylated regions. Such changes may also account for some of the alterations in the expression of genes lacking defects in DNA methylation.
Conclusions
Throughout the course of this review, we have discussed the role of DNA methylation in development and disease and its connections with other epigenetic modifications. It is becoming clear that multiple epigenetic pathways control cell fate and disease states and the outcome of cellular events is determined by the balance and timing of epigenetic regulators. Moreover, the last ten years has seen a large increase in number of enzymes capable of modifying the chromatin and thus introducing a complex network of physiological feedback loops in epigenetic regulation in various cellular processes. An understanding of the role of DNA methylation and the interplay between other epigenetic regulatory pathways, particularly the relationship between DNA methylation and polycomb proteins, will not only provide insights into the regulation of cell differentiation, development, and disease, but should also help to develop efficient stem cell-related therapeutics and clinically useful chemical inhibitors. The DNA methylation machinery. The mammalian DNA methyltransferase family consists of DNMT1, DNMT3A, DNMT3B, and DNMT3L. DNMT1 is considered the maintenance methyltransferase due to its high activity and preference for hemimethylated DNA during DNA replication. DNMT3A and DNMT3B are de novo methyltransferases. Shown in this figure is a schematic of the DNA methyltransferases with their key functional domains and proteinprotein interaction domains indicated. All of the active DNA methyltransferases contain the active site motif IV in the C-terminal region (red box). DNMT1 contains a region required for its interaction with PCNA, which is adjacent to the nuclear localization signal (NLS). The Nterminal region of DNMT1 also contains a cysteine -rich HRX-like region and a lysine-glycine repeat (KG(5)) region. DNMT3A and DNMT3B contain plant homeodomain (PHD) and PWWP domains. These two domains are required for targeting DNMT3A and DNMT3B to pericentromeric heterochromatin and contribute to protein-protein interactions by recognition of histone modifications. Interacting proteins relevant to this review are also listed. DNA methyltransferase-polycomb complex interactions in development and cancer. (A) In normal pluripotent cells (ES cells in this case, although tissue-specific stem cells may be similar), genes involved in differentiation are expressed at low levels or are repressed. These genes tend to be marked by both activating (trimethylated H3K4, 3XMe-H3K4) and repressive (trimethylated H3K27, 3XMe-H3K27) marks. A subset of these genes may also be marked by DNA methylation. The regulation of the DNMTs in this state remains unknown. The DNMTs may constitutively associate with polycomb complexes but be rendered inactive or in a low activity state (bottom panel). Alternatively, other chromatin marks or differences in the activity/ composition of polycomb complexes prevent DNMT recruitment (top panel). For example, the 3XMe-H3K4 may inhibit DNMT3L-mediated recruitment of de novo DNA methyltransferases. In this bivalent state, genes are able to respond to external developmental cues. (B) In tumor cells or tumor initiating cells (TIC), we propose that normal regulation of the DNMTs is disrupted. This may be due to aberrant recruitment of DNMTs to genes normally repressed by polycomb complexes and/or a change in the activity of bound DNMTs, possibly by post-translational modifications like sumoylation (indicated by the red stars) or a change in the chromatin environment such as acquisition of other repressive histone marks (e.g. trimethylated H3K9). Pro-differentiation genes are then locked in an 'off' state due to dense DNA methylation and cells no longer properly respond to differentiation cues and/or they acquire enhanced self-renewal capacity. Once dense DNA methylation is present, the DNMTs may have a role in maintaining PRC1/PRC2 binding. The cancer stem cell theory. Normal stem cell self-renewal is a tightly regulated process. The resulting progenitor cells are unable to self-renew but can undergo a finite number of divisions and are capable of differentiation. Transformation of a normal stem cell or a dedifferentiated somatic cell by genetic or epigenetic inactivation of tumor suppressor genes or activation of oncogenes can lead to a loss of regulated self-renewal resulting in a cancer stem cell (or tumor initiating cell, TIC), unregulated expansion of the TICs, and aberrant differentiation. It is unknown whether TICs arise from normal stem cells, transiently amplifying progenitors that have gained self-renewal capability, or dedifferentiated somatic cells.
